Peptide Carbohydrate-protein interactions form the basis of a host of biological processes (1, 2). For example, the periplasmic monosaccharide-binding proteins of Gram-negative bacteria serve as receptors for transport and chemotaxis (3), while cell-surface lectins mediate such processes as cell-cell adhesion (4, 5) and lymphocyte migration through lymphoid tissues (6) . Carbohydrate recognition is central to the enzymatic synthesis and degradation of polysaccharides, glycoproteins, and glycolipids that play essential roles in metabolism and in the maintenance of cellular structures. Carbohydrate-protein associations are also critical in certain cycles of viral infection. For example, binding of the hemagglutinin protein of human influenza virus to sialic acid residues on erythrocyte cell-surface glycoproteins represents the initial step in influenza infection (7).
complexity of oligosaccharide synthesis, the prospect of finding peptides that competitively inhibit carbohydrate-specific receptors may simplify the development of new therapeutic agents.
Carbohydrate-protein interactions form the basis of a host of biological processes (1, 2). For example, the periplasmic monosaccharide-binding proteins of Gram-negative bacteria serve as receptors for transport and chemotaxis (3) , while cell-surface lectins mediate such processes as cell-cell adhesion (4, 5) and lymphocyte migration through lymphoid tissues (6) . Carbohydrate recognition is central to the enzymatic synthesis and degradation of polysaccharides, glycoproteins, and glycolipids that play essential roles in metabolism and in the maintenance of cellular structures. Carbohydrate-protein associations are also critical in certain cycles of viral infection. For example, binding of the hemagglutinin protein of human influenza virus to sialic acid residues on erythrocyte cell-surface glycoproteins represents the initial step in influenza infection (7) .
Consequently, the development of potent inhibitors of carbohydrate-specific proteins may be of considerable importance in the generation of new therapeutic agents. However, the synthesis of complex carbohydrate ligands and analogs often requires many time-consuming, low-yielding steps. Chemical synthesis of oligosaccharides requires sophisticated strategies for protecting/deprotecting and assembling sugar monomers and for controlling product regiochemistry and stereochemistry (8) (9) (10) . Enzymatic synthesis using glycosyltransferases has emerged as a useful alternative to chemical synthesis (11, 12) . However, this approach is limited by the availability of enzymes with the appropriate specificities.
An alternative approach to the synthesis of polysaccharide ligands for carbohydrate-specific receptors is to ask whether peptides can be found that bind these proteins with high affinities. We describe a strategy for identifying novel peptide ligands for carbohydrate-binding proteins based on the screening of a large, highly diverse peptide library expressed on the surface of filamentous phage fd (13) (14) (15) (16) . The library consists of phage bearing random octapeptides fused to the amino terminus of the minor coat protein, pIII, and was screened by affinity purification on immobilized receptor. We chose as a model system the lectin Con A fromjack bean, whose physicochemical properties have been extensively studied (17) . Con A is a tetramer composed of four identical polypeptide chains consisting of 237 residues each. Con A, which interacts preferentially with oligosaccharides bearing terminal a-linked mannose or glucose residues, is frequently employed in the purification and structural characterization of carbohydrates and glycoproteins and is also a lymphocyte mitogen. We report the isolation of peptide ligands for Con A that prevent binding of known monosaccharide ligands of the lectin and that inhibit Con A-dependent precipitation of polysaccharides. The prospect that specific ligands for carbohydrate-binding proteins can be assembled by coupling amino acid building blocks (rather than sugars) should greatly reduce the synthetic difficulties associated with inhibitor design.
MATERIALS AND METHODS
Reagents and Peptides. Con A was obtained from Sigma or Calbiochem, biotinylated Con A from Boehringer Mannheim, and Con A-Sepharose from Pharmacia. Restriction enzymes, T4 DNA ligase, and T4 kinase were obtained from New England Biolabs or GIBCO/BRL. All other chemicals were obtained from Sigma. Oligonucleotides were synthesized with an Applied Biosystems PCR-mate and gelpurified. Peptides were synthesized on a MilliGen (Bedford, MA) synthesizer using fluorenylmethoxycarbonyl and t-butyl protecting groups and trifluoroacetic acid deprotection and were purified to >95% purity by reverse-phase HPLC using water/acetonitrile/0.1% trifluoroacetic acid as eluant. Composition ofthe purified peptides was confirmed by amino acid analysis and mass spectrometry. UV-visible spectra were recorded on a Cary 3 spectrophotometer. Equilibrium dialysis was performed with a Spectrum equilibrium dialysis chamber.
Construction of a Random Octapeptide Library in fd Phage. The random octamer library, constructed according to the protocol of Cwirla et al. (16) , was kindly provided by W. J. Dower. Briefly, a collection of oligonucleotides encoding all possible octapeptides fused to the spacer peptide Ala-SerGly-Ser-Ala (ASGSA) was synthesized as described (16) by using the nucleotide sequence 5'-C-TCT-CAC-TCC-NNK-NNK-NNK-NNK-NNK-NNK-NNK-NNK-GCA-AGT-GGC-TCT-GCT-ACT-GTT-GAA-AGT-TGT-3' (oligonucleotide ON-141), where N is A, C, G, or T (equimolar) and K is G or T (40:60). Ten electrotransformations, each using 13.5 gg of ligated vector DNA and 200 ,ul of electrocompetent Escherichia coli MC1061 cells yielded, after 1 hr of nonse§To whom reprint requests should be addressed.
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lective outgrowth, a library of 1.4 x 109 transformants (75% producing infective phage). The cells were grown under tetracycline selection in 3 liters of L broth to amplify the library, and the phage were isolated as described (16 After three rounds of panning individual amplified phage clones were tested for their ability to specifically bind Con A as determined by ELISA. Biotinylated Con A was bound in the presence of bovine serum albumin (20 ,g/ml in CAB) to microtiter plate wells as described above. Phage (=101o transforming units) were added to each well and incubated for 1 hr. As a negative control, phage were added to identically treated wells from which Con A had been omitted. Unbound phage were removed by three washes with CAB. Bound phage were detected in a sandwich assay with rabbit anti-fd phage antiserum and a horseradish peroxidase-coupled goat anti-rabbit antibody (R. W. Barrett, S. E. Cwirla (19) . The HPLCpurified peptide had a specific activity of 1.5 mCi/mmol (1 mCi = 37 MBq). Equilibrium dialysis was performed using microcells in the Spectrum equilibrium dialysis chamber.
Con A (200 IlI, 0.1 mg/ml) was placed in one chamber and peptide (200 ,ul) was placed in the other. The chambers were separated by a SpectraPor 4 membrane with a molecular weight cutoff of 12,000-14,000. Dialysis was performed for 20 hr at 40C. Samples from each chamber were removed and 50-,l aliquots were combined with 5 ml of Ready Scint (Beckman) for measurement of radioactivity in a Beckman model LS 6000TA scintillation counter.
Inhibition of Dextran Precipitation. The ability ofpeptide to inhibit the precipitation of Con A was assayed in the dextran 1355 system (20) . Briefly, the precipitation reactions were conducted in plastic vials (1.5 ml) containing 18 ,ug of Con A and various amounts (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ,ug) of dextran B-1355S in 100 t1 of phosphate-buffered saline containing 1 M NaCl. The reaction mixtures were incubated for 48 hr, centrifuged for 10 min at 10,000 x g, and washed three times with phosphatebuffered saline containing 1 M NaCl. The protein content of the precipitate in each vial was determined by the method of Lowry with bovine serum albumin as the standard. Stock solutions ofthe sugar standard methyl a-D-mannopyranoside and all peptides were prepared in phosphate-buffered saline or doubly distilled water. Inhibition of the precipitation was performed by addition of various amounts of sugar or peptide to the reaction mixture containing Con A (18 ,ug) and dextran B-1355S (15 ug).
RESULTS
The peptide library was constructed as previously described (16) except that a variable octapeptide region was fused to the amino terminus of the phage coat protein pIII via a spacer peptide, ASGSA. This spacer is expected to reduce steric interference of the phage surface with bound receptor. The library, consisting of 1.4 x 109 independent phage recombinants, was screened in three cycles of panning, elution, and amplification against Con A immobilized either covalently on Sepharose beads or noncovalently on streptavidin-coated microtiter plates. Affinity purification was carried out in the presence of 2 mM CaC12 because saccharide binding by Con A is calcium-dependent (17) . In one set of experiments, adherent phage were eluted with buffer containing methyl a-D-mannopyranoside or yeast mannan at concentrations sufficient to block rebinding of peptide at the sugar binding site. Increasing percentages of the input phage (0.039%o, 6 .7%, and 11%) were recovered in rounds 1, 2, and 3 of screening, suggesting that selective phage enrichment was occurring. In a second series of experiments, phage were eluted with a low-pH citrate buffer (pH 3.0) to denature the receptor-ligand interaction [note that at neutral pH Con A exists as a tetramer of identical 26.5-kDa subunits and undergoes reversible dissociation below pH 5.6 to give a dimeric species (21) ]. Similar levels of phage recovery were also observed through three rounds of acid elution.
After the third round of panning, 19 of 19 randomly selected individual phage isolates eluted with carbohydrate and 14 of 15 phage eluted with citrate displayed specific binding to Con A as determined by ELISA (data not shown). DNA from specific binding clones was sequenced and the deduced peptide sequences are shown in Fig. 1 . The peptides eluted with methyl a-D-mannopyranoside can be separated into three groups. The first contains eight different sequences, one of which appears in four separate phage clones examined. These peptides are grouped in Fig. la to show a distinctive consensus sequence Tyr-Pro-Tyr, with additional preferences for Val-Trp/Phe and Pro/Gly in the amino and carboxyl flanking sites, respectively. Note that the conserved motif is duplicated in the replicate clones. The second group includes two members that each contain a pair of cysteine residues separated by four intervening amino acids (raising the possibility of a conformational constraint imposed by a disulfide bond). There is no obvious homology among the third group of sequences, but they all appear very rich in charged or polar residues.
Phage recovered by low-pH elution include several identical clones and the majority bear a close resemblance to the first group of peptides eluted with methyl a-D-mannopyranoside (see Fig. lb) . The motif Tyr-Xaa-Tyr replaces the strict consensus Tyr-Pro-Tyr sequence from the previous experi- ment, though this latter triplet does occur in two of the acid-eluted clones. In several clones the amino acid substitutions at the flanking sites follow the preferences noted above. Two phage clones with no clear homology to previously observed sequences were also found. The binding site(s) on Con A for the peptide sequences we have isolated that do not conform to the consensus motif are unknown.
The peptide DVFYPYPYASGS was chemically synthesized and its binding interaction with Con A was evaluated in two separate assays. This sequence was selected because it contained a tandem repeat of the consensus motif from the mannoside elutions and appeared in multiple phage isolates after three rounds of panning. The tetrapeptide ASGS (from the spacer region of the pIII fusion protein) was appended to the octamer sequence to enhance its solubility. The ability of this dodecapeptide to displace a chromogenic ligand, p-nitrophenyl a-D-mannopyranoside from Con A was determined by UV difference spectrophotometric assay (18) . Fig. 2A shows the effect of peptide concentration on receptor occupancy by p-nitrophenyl a-D-mannopyranoside at two fixed concentrations of the chromogenic sugar. The data from these two experiments can be fitted by the same line giving a Kd of 46 ,uM for DVFYPYPYASGS at 20°C (Fig. 2B) The octapeptide YRYDIFRE was selected as a representative Tyr-Xaa-Tyr-containing sequence from the clones eluted at low pH and was chemically synthesized. At (Fig. 2B) .
Precipitation of polysaccharides and glycoconjugates by lectins has been extensively documented (23) . Branched polysaccharides containing multiple terminal a-glucopyranosyl, a-mannopyranosyl, or fructofuranosyl groups are precipitated by Con A. In Fig. 4 (25) (26) (27) , the synthesis of a series of carbohydrate analogues (28) is considerably more difficult than, for example, the synthesis of a series of analogues of a peptide hormone or protease substrate. Consequently, the identification of peptide antagonists of carbohydrate-receptor interactions should considerably simplify the synthesis of more potent or selective inhibitors.
A number of naturally occurring proteinaceous inhibitors have been isolated that compete for the binding sites of carbohydrate-specific proteins. For example, the protein tendamistat binds the enzyme a-amylase with a Kd of 9 pM (29) (30) (31) . Interaction of the tripeptide epitope Trp-Arg-Tyr of tendamistat with the carbohydrate binding site is thought to play a critical role in complex formation (29, 32) . These studies suggested that peptides might be found that competitively inhibit other classes of carbohydrate-binding proteins An amino-terminal library of random octapeptides consisting of =1.4 x 109 members (-5% of all possible octamers) was affinity-purified against immobilized Con A. When phage were eluted by a low-pH citrate buffer to dissociate the phage-Con A complex, the sequence Tyr-Xaa-Tyr (where Xaa is predominantly a hydrophilic amino acid) was Although a number of hydrophobic binding sites exist on the Con A surface, including sites for fluorescent dansyl derivatives (35, 36) , tryptophan or indoleacetic acid (37) , and benzoic acid derivatives (38) , a number of studies indicate that the chromogenic ligand p-nitrophenyl a-D-mannopyranoside binds at the saccharide binding site (18, 39, 40 (1, 42) . The sugar interacts with the lectin through a network of seven hydrogen bonds that connect four oxygens of the ligand with five amino acid residues of the protein. A hydrophobic patch formed by C-5 and C-6 of the saccharide makes van der Waals contacts with the ring atoms of Tyrl2 and Tyr100. Given the hydrophobic nature of the dodecapeptide sequence, one possible binding motif might involve hydrophobic stacking of the peptide tyrosine side chains against Tyr12 or Tyr100 in the binding site.
Interestingly, the conserved epitope of the proteinaceous inhibitors of a-amylase (Trp-Arg-Tyr) also consists of two aromatic residues separated by a single amino acid. The low affinity (>10 mM) of the tripeptide carboxamides YPY and YNY indicates that other interactions between Con A and the dodecapeptide contribute to its affinity for the lectin and/or that the surrounding amino acids influence the conformation of the YXY sequence. Studies of a-linked mannose oligosaccharides suggest an extended sugar binding site in Con A (43, 44) that could make additional contacts with the dodecapeptide.
The fact that phage bearing the moderately low-affinity peptides which we have characterized should survive the extensive washing employed in the panning protocol undoubtedly reflects a multivalent binding interaction between the phage (which carries three to five copies of the pIII protein) and one or more molecules of the tetravalent lectin. High-avidity interactions between phage particles and immobilized receptors have been attributed to polyvalent binding in previous studies (ref. 16 ; R. W. Barrett, personal communication). Affinity purification of phage bearing single copies of a random peptide on its surface (45) could lead to the isolation of higher-affinity peptides. Moreover, random mutagenesis of the dodecapeptide sequence might also provide higher-affinity peptides.
Earlier studies have shown that libraries of random peptides expressed on filamentous phage are a source of peptide ligands for biological receptors. The deduced peptide sequences of phage clones isolated by affinity purification with anti-myohemerythrin and anti-f3-endorphin monoclonal antibodies were closely related to the known epitopes (14, 16) . By screening a library expressing random 15-mer peptides, Devlin et al. (15) identified a series of streptavidin-binding phage that contained a consensus tripeptide sequence, His-Pro-Gln.
Binding of these clones was inhibited in the presence of 1 .uM biotin, suggesting that the peptides bound at or near the biotin binding site. This report further illustrates that peptide display vectors may be used to find novel ligands for biological receptors without regard for the structure of the binding site or the "natural" ligand. We expect that this approach should successfully identify peptide antagonists of other carbohydrate-binding proteins. Indeed, using the Griffonia simplicifolia lectin GS I-B4 in a second model study, we identified in a series ofphage clones affinity-purified from our octapeptide library the consensus sequence Trp-Xaa-Xaa-Trp-Zaa, where Xaa is a small aliphatic or polar residue and Zaa is a branched aliphatic amino acid (unpublished work). Large random peptide libraries constructed by either molecular biological or synthetic chemical techniques (46) (47) (48) should continue to provide a powerful approach to ligand discovery and optimization.
